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1.  INTRODUCTION 


The  methylidyne  radical  (CH)  has  been  the  subject  of  numerous  spectroscopic  and  kinetic  studies 
[1-3].  This  interest  stems  from  the  fact  that  this  radical  is  an  important  intermediate  in  flame  and 
combustion  processes  [4, 5],  and  plays  a  prominent  role  in  interstellar  and  atmospheric  chemistry  [6,  7]. 
Modeling  the  dynamics  of  these  varied  environments  requires  the  measurement  and/or  theoretical 
calculation  of  numerous  bimolecular  reaction  rates  for  many  different  collisional  partners.  A  prerequisite 
for  performing  the  theoretical  calculations  is  the  determination  of  the  intermolecular  potential  surface  on 
which  the  interaction  takes  place.  The  potential  fimction  needed  to  describe  the  intermolecular  surface 
is  quite  difficult  to  generate,  particularly  for  reactive  collisions  [8,  9].  However,  insight  into  the 
construction  of  such  surfaces  can  be  provided  by  studying  flie  collisions  between  a  radical  and  a 
"nonreactive"  rare-gas  (RG)  atom.  Characterization  of  bound  regions  of  these  surfaces  is  facilitated  via 
the  spectroscopic  investigations  of  van  der  Waals  (vdW)  complexes  [10,  11]. 

Open-shell  diatom-RG  atom  vdW  complexes  have  been  the  focus  of  numerous  experimental  and 
theoretical  investigations  [11-42].  In  addition  to  the  interest  in  understanding  the  collisional  dynamics 
and  structure  of  weakly  bound  systems,  these  complexes  have  been  recognized  as  model  systems  for 
studying  unique  angular  momentum  coupling  cases  [21,  25, 28, 32,  and  42].  The  fact  that  these  systems 
are  small  enough  for  accurate  theoretical  calculations  has  added  to  the  interest  in  these  species.  However, 
nniilfft  their  closed-shell-RG  counterparts,  only  a  few  systems  have  been  detected  spectroscopically.  Most 
of  the  experimental  and  theoretical  activity  has  surrounded  RG-OH  [11-34]  and,  to  a  lesser  degree, 
RG-NO  [35-40].  Recent  experimental  observations  of  RG-CN  [41]  and  Ar-NH  [42]  have  also  been 
reported. 

RG-OH  complexes  were  first  observed  spectroscopically  by  Goodman  and  Brus  in  cryogenic  noble 
gas  matrices  [12].  They  were  interested  in  understanding  hydrogen  bonding  and  how  it  compared  with 
other  weak  chemical  interactions.  Based  on  simple  molecular  orbital  arguments,  the  bonding  in  the 
RG-OH  molecule  was  assumed  to  be  through  the  hydrogen  end  of  the  molecule.  Recent  theoretical 
calculations  by  Degli-Esposti  and  Werner  [29]  corroborate  this  assumption.  They  determine,  however, 
that  bonding  through  the  oxygen  end  is  oidy  sli^tly  higher  in  energy.  The  results  finm  recent  high- 
resolution  spectroscopic  studies  provide  further  confirmation  for  die  predicted  potential  surface  [21].  In 
the  case  of  CH,  hydrogen  bonding  is  not  expected  to  play  a  significant  role  since  the  caibon  atom  is  less 
electronegative  than  the  oxygen  atom.  Thus,  one  cannot  intuitively  predict  the  geometric  configuration 
of  RG-CH  complexes. 
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The  wealth  of  spectroscopic  information  on  the  RG-OH  systems,  particularly  the  Ar-OH  complex,  has 
prompted  a  considerable  number  of  theoretical  studies.  Ab  initio  calculations  have  been  earned  out  by 
Degli-Esposti  and  Werner  [29]  in  order  to  constract  intermolecular  potential  surfaces  for  the  Ar-OH 
complex  associated  with  OH  ground  (X^flj)  and  excited  (A  V)  states.  These  surfaces  were  then  used  by 
Chakravarty  and  Qary  [30]  to  simulate  electronic  and  infrared  spectra.  The  results  of  other  studies  have 
yielded  perturbation  schemes  [33,  34]  to  explain  parity  splitting  in  both  the  Ar-OH  X  U-^i2  and  X  113^2 
states,  as  well  as,  spin-oibit  predissociation  rates  [33].  Dubemet,  Flower,  and  Hutson  [32]  developed  a 
general  theory,  which  was  extended  by  Chang  and  coworkers  [21],  to  derive  information  about  the 
potential  energy  surface  based  (m  analysis  of  the  energy  level  structure  for  various  coupling  schanes. 
Although  the  ArOH  and  NeOH  complexes  were  used  as  examples,  this  theory  is  general  and  applies  to 
ArCH. 

In  the  present  work,  we  report  the  detection  of  gas-phase  ArCH  complexes.  The  complexes  were 
excited  near  the  CH  -  X^H^  (0,0)  and  (1,0)  transitions  and  fluorescence  was  monitored.  The 
rotational  energy  level  structure  of  eight  bands  is  analyzed.  In  addition,  the  rovibronic  energy  level 
structure  is  analyzed  based  on  a  hindered  internal  rotation  model  [34,  21]  to  explain  the  nature  of  the 
observed  sp^’uings  of  the  ground  state  rotational  levels,  and  to  infer  both  excited  and  state  geometries. 
Lower  limits  for  the  ground  and  excited  binding  energies  are  also  reported. 

2.  EXPERIMENTAL 

The  molecular  beam  apparatus  employed  in  these  experiments  has  been  described  previoudy  [26]. 
Briefly,  the  ArCH  complexes  were  formed  by  photolyzing  chlorodibromomethane,  CHBr2Q  (Aldrich, 
98%),  seeded  in  a  supersonic  firce-jet  expansion.  The  expansion  of  aigon  (Spectra  Gases  Inc.,  99.995%) 
was  controlled  via  a  pulsed  valve  (R.  M.  Jordan  Co.,  PVS)  operated  at  10  Hz.  The  backing  pressure  was 
nominally  100-120  psi.  Hiotolysis  producing  CH  radicals  was  achieved  with  approximately  25  mJ^ulse 
of  248-nm  radiation  (Lambda  Physik,  EMG  150MSC).  The  photolysis  beam  was  directed  collinear  to  the 
molecular  beam  and  focused  with  a  1 -meter  lens  into  an  extender  chaimel  motmted  in  front  of  the  valve. 
A  delay  generator  was  employed  to  synchronize  the  firing  of  the  photolysis  pulse  and  the  gas  pulse.  The 
mixture  was  photolyzed  ^proximately  6—8  ps  following  the  opening  of  the  valve  -  the  peak  of  the  gas 
load  in  the  extender  channel.  The  ArCH  complexes  were  probed  normal  to  the  molecular  beam,  3-5  mm 
in  front  of  the  extender  channel,  using  an  XeO  excimer  pumped  dye  laser  system  (Lumonics  Hyper 
Ex-400  and  Hyper  Dye-300).  Laser  dyes  PBD  and  BBQ  were  used  to  generate  tunaWe  radiation  in  ranges 
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from  360-367  nm  and  385-392  rnn,  respectively.  These  ranges  include  resonant  excitation  frequencies 
of  the  CH  -  X^Ilj  (0,0)  and  (1,0)  transitions.  At  these  wavelengths,  the  laser  line  width  is 
approximately  0.08  cm“^  The  probe  energies  employed  were  nominally  1-4  mJ/pulse. 

The  fluorescence  signal  was  focused  onto  the  entrance  slit  of  a  0.25-m  monochromator  (McPherson, 
Model  218)  that  was  operated  as  a  broadband  filter.  The  emission  from  the  ArCH  transitions  excited  in 
the  region  of  the  CH  -  X^fl^  (0,0)  band  was  monitored  near  the  (0,0)  transition  at  386.1  nm.  Those 
excited  near  the  (1,0)  band  were  monitored  both  at  364.5  and  404.0  nm.  These  wavelengths  correspond 
to  the  CH  -  X^Ilj  (1,0)  and  (1,1)  transitions,  respectively.  A  photomultiplier  tube  (EMI  9789QA) 
was  used  for  signal  detection.  The  signal  was  directed  to  a  gated  integrator  (Stanford  Research  Systems) 
and  displayed  on  a  350-MHz  digital  oscilloscope  (LeCroy  9420).  For  data  acquisition,  a  PC  was 
interfaced  to  the  boxcar  integrator  via  a  commercial  system  interface  package  (Stanford  Research  Systems). 

The  multiphoton  UV  photolysis  of  CHBr2Cl  has  been  demonstrated  to  be  a  good  source  of  the  CH 
radical  [3].  However,  the  large  energy  fluxes  required  for  the  multiphoton  dissociation  process  results  in 
the  formation  of  other  fragments,  which  can  obscure  the  LIF  spectra  of  the  ArCH  complexes.  During  the 
initial  phase  of  this  investigation,  the  presence  of  an  unknown  band  system  or  systems,  probably  belonging 
to  either  CQ  or  HCQ,  was  observed.  These  bands  were  present  regardless  of  whether  helium,  neon,  or 
argon  was  used  as  the  carrier  gases.  Fortunately,  these  bands  did  not  appear  in  the  region  of  the  ArCH 
spectra.  The  band  systems  assigned  to  ArCH  were  present  only  when  argon  was  used  as  the  carrier  gas, 
and  under  jet-cooling  conditions. 

3.  RESULTS/DISCUSSION 

Presented  in  Figures  la  and  lb  are  the  LIF  spectra  exited  near  the  CH  B^ST  -  X^ITj.  (0,0)  and  (1,0) 
bands,  respectively.  Neither  spectrum  has  been  corrected  for  the  variation  in  laser  intensity  or  detection 
sensitivity.  The  features  in  Figure  lb  at  higher  energy  suffer  from  a  decrease  in  intensity  as  a  result  of 
a  dropoff  in  the  gain  profile  of  the  dye.  The  strong  features  labeled  Pi(l),  P2(l),  Qi(l).  Q2(2)»  Ri(l)t  and 
R2(1)  arc  CH  B-X  (0,0)  and  (1,0)  rotational  lines.  These  lines  provided  a  basis  for  calibrating  the  spectra 
[1, 43].  To  the  blue  of  these  sharp  lines  is  a  collection  of  broad,  red-shaded  features  associated  with  the 
ArCH  complex.  The  features  located  at  lower  energies  (A-G)  are  resolvable  under  high  resolution.  Those 
■at  higher  energies  (H-K[L])  are  more  intense,  broader,  show  little  or  no  resolvable  features  at  higher 
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B. 


(1.0) 


WAVENUMBER  (cni^) 


resolution,  and  converge  into  a  continuum.  The  lack  of  resolvable  structure  indicates  that  these  bands  are 
associated  with  transitions  to  metastable  excited  state  levels.  This  is  supported  by  an  estimate  of  the 
dissociation  energy  calculated  below.  A  listing  of  the  band  head  positions  assigned  to  the  ArCH  complex 
is  presented  in  Table  1. 

Table  1.  Band  Head  Positions  (in  cm“^)  of  Experimentally  Observed  ArCH  Spectral  Features  Near 
the  CH  (0,0)  and  (1,0)  Transitions^ 


Band 

(0,0) 

(1,0) 

G 

G 

A 

25779.0 

27580.0 

B 

25794.6 

27593.4 

C 

25815.3 

27614.9 

D 

25820.9 

27623.9 

E 

25841.9 

27639.4 

F 

25854.3 

27648.1 

G 

25859.2 

27652.5 

H 

25892.0 

27679.0 

I 

25916.0 

27701.0 

J 

25935.0 

27718.0 

K 

25945.0 

27728.0 

L 

25951.0 

— 

“  The  experimental  uncertainly  in  the  band  head  positions  of  features 
A-G  is  ±0.2  cm"^  For  features  H-I,  the  uncertainty  in  reporting  the 
band  head  position  is  ±2  cm“^ 


3.1  Rotational  Analysis.  Rotationally  resolved  spectra  have  been  recorded  for  ten  of  the  features 
shown  in  Figures  la  and  lb.  Six  of  these  bands  were  fully  analyzed,  and  two  bands  were  characterized 
from  a  partial  analysis  based  on  transitions  near  the  band  head.  TTie  remaining  two  bands  were  not 
analyzed  because  of  either  significant  overlap  with  CH  transitions  or  a  lack  of  a  recognizable  branch 
structure.  Good  empirical  fits  of  all  the  bands  anal5rzBd  were  obtained  using  a  model  based  on  S-X  type 
transitions.  In  this  model,  the  term  values  for  both  ground  and  excited  state  rotational  energy  levels  were 
obtained  using  the  expressions: 
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Fi(N)  =  BN(N+1)  -  DN  \N+lf  +  0.5yN 


(la) 


F2(N)  =  BN(N+1)  -  DN  2(iV+l)2  -  0.57(iV+l),  (lb) 

where  iV  is  an  integer  quantum  number,  B  is  flie  effective  "rigid  rotor"  constant,  and  D  is  the  coefficient 
for  centrifugal  distortion.  The  terms  containing  y  were  included  to  allow  for  spin-rotation  coupling  in  the 
excited  state,  and  a  phenomenologically  observed  splitting  in  the  groimd  state  rotational  levels. 
Justification  for  these  functional  forms  is  provided  in  the  latter  part  of  this  report  The  selection  rule 
AN  =  ±1  leads  to  six  branches  which  we  label  Rj,  R2,  R21.  P2’  ^12*  ^  schematic  diagram  for  the 

energy  levels  and  transition  types  assumed  in  this  model  is  presented  in  Figure  2. 
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Combination  differences  based  on  trial  assignments  were  used  to  obtain  initial  estimates  for  B',  B", 
and  y".  In  principle,  both  y'  and  y"  could  be  determined  directly  from  combination  differences.  However, 
limited  by  resolution  at  low  N  values  and  signal-to-noise  levels  at  high  N  values,  the  combination 
differences  did  not  yield  precise  enough  values  for  this  purpose.  A  priori,  it  was  considered  that 
significant  splitting  of  the  excited  state  levels  was  unlikely.  Chang  and  coworkers  [21]  have  shown  that 
the  spin-rotation  constant  of  a  complex  correlating  with  a  monomer,  and  having  no  projected 
vibrational  angular  momentum  along  the  intermolecular  axis,  scales  with  the  mass.  For  the  ArCH 
complex,  this  relationship  may  be  expressed  as, 

y  (ArCH)  =  y  (CH)  x  [B  (ArCH)/B  (CH)],  (2) 

where  y  and  B  are  the  spectroscopic  constants  defined  previously.  Using  the  known  values  of 
y  =  0.0285  cm“^  B  =  12.6  cm“^  for  CH  B^Z",  and  a  value  of  B  «  0.1  cm~^  for  ArCH,  y  (ArCH)  is 
expected  to  be  on  the  order  of  2.0  x  lO"'^  cm“^.  The  splitting  associated  with  this  term  would  not  be 
observed  at  the  resolution  of  these  experiments.  Thus,  we  initially  assumed  that  y'  was  negligible. 

To  verify  assignments,  obtain  improved  estimates  of  the  rotational  constants,  and  determine  band 
origins,  graphical  simulations  were  generated  using  a  multivariable  computer  program  based  on  the  eneigy 
level  expressions  and  selection  rules  given  previously,  and  Z-Z  line  strengths.  The  program  variables 
included  the  rotational  constants  of  the  ground  and  excited  states,  the  band  origin  (Vqq),  the  transition  line 
width,  and  the  population  of  the  ground  state  levels  based  on  Boltzmann  (temperature)  distribution.  The 
first  iteration  in  obtaining  estimates  of  the  rotational  constants  based  on  this  model  involved  nonlinear 
least-squares  fits  of  bands  A,  B,  and  C,  of  Figure  la  and  bands  A  and  C  of  Figure  lb.  The  average  values 
of  B"  and  y"  obtained  from  these  fits  were  then  used  in  fits  in  which  only  B',  y',  and  Vqo  were  varied. 
Using  a  convergence  criteria  of  four  significant  figures,  y'  was  found  to  be  negligible  in  all  of  the  bands 
analyzed.  A  final  fit,  where  Y  was  set  equal  to  zero  and  the  average  ground  state  constants  were  used, 
provided  a  consistent  set  of  excited  state  constants  and  band  origins.  A  slight  qualitative  improvement 
in  the  final  fits  could  be  obtained  by  including  a  correction  for  centrifugal  distortion.  However,  the 
correction  term  was  <  5  x  10“^  cm~^  and  not  statistically  significant  A  comparison  of  the  band  labeled 
A  in  Figure  lb  and  its  graphical  simulation  is  shown  in  Hguie  3.  The  values  obtained  for  excited  state 
rotational  constants  and  band  origins,  together  with  their  uncertainties,  are  reported  in  Table  2.  It  should 
be  noted  that  the  simulation  of  the  band  positions  is  indifferent  to  the  sign  of  y".  A  sign  change  does 
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Figure  3.  T  as^r-indnced  fluorescence  spectrum  (-)  and  simulation  (-)  of  tiie  ArCH  B-X  (1,0,0)  band. 

A  nonlinear  least-squares  fit  of  the  data  yields  a  value  of  27579.9  cm  for  the  band  origin,  and 
values  of  B'  =  0.114  ±  0.005  cm"^  and  B"  =  0.174  ±  0.005  cm  for  the  rotational  constants. 


Table  2.  Calculated  Rotational  Constants  and  Band  Origins  Associated  With  Electronic  Excitation  of 
CH  (0,0)  and  (1,0)  Transitions’^ 


(0,0) 

Band 

Assignment 

v'  (cm"^)** 

B'  (cm’Y 

R'e  (A) 

A 

(0,0°,0) 

25778.6 

0.113 

3.90 

B 

(0,1®,0) 

25794.3 

0.116 

3.85 

C 

(0,0®.l) 

25815.1 

0.102 

4.10 

E 

(0,00,2 

25842.1 

0.086 

4.47 

(1,0) 

A 

(1,0°,0) 

27579.9 

0.114 

3.88 

C 

(1,0°,1) 

27615.0 

0.102 

4.10 

E 

— 

27639.5 

0.099** 

4.17 

F 

— 

27652.3 

0.099** 

4.17 

*  The  average  values  of  the  ground  state  rotational  constants  are 
B",^  =  0.174  ±  0.004  (2SD)  (R'^  =  3  A)  and  7',^  =  0.021  ±  0.004  (2SD). 
**  Experimental  uncertainly  of  ±0.1  an 
^  Experimental  imcertainty  of  ±0.004  cm“  . 

^  Based  on  partial  rotational  analysis  near  band  head. 
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create  a  slight  difference  in  the  simulation’s  intensity  distribution.  However,  the  empirical  nature  of  the 
line  strength  factors  in  the  simulation  program,  and  the  lack  of  experimental  data  necessary  to  rigorously 
correct  the  experimentally  determined  line  intensities,  preclude  us  from  drawing  a  conclusion  based  on 
the  line  intensities. 

The  B  values  obtained  here  are  effective  constants  for  a  near-prolate  top  =  (B+C)/2].  This 
parameter  depends  mainly  on  the  vibrationally  averaged  distance  (R^)  between  the  CH  center  of  mass  and 
the  At  atom.  The  average  ground  state  B^^^  value  corresponds  to  an  average  value  of  3.13  A.  The 
B'  values  are  all  significantly  smaller,  indicating  a  lengthening  of  the  intemuclear  distance  upon  electronic 
excitation.  The  values  range  from  3.85  A  to  4.47  A.  For  comparison,  the  average  bond  length  of 
ground  state  ArOH  was  found  to  be  approximately  3.76  A.  In  the  complexes  associated  with  OH 
(v  =  0)  and  (v  =  1)  excited  states,  values  ranging  from  3.04  to  3.63  A  and  3.11  to  3.36  A,  respectively, 
have  been  reported  [18]. 

3.2  Vihratinnal  Analysis.  The  assignment  of  the  fundamental  modes  of  vibration  of  the  ArCH  B^IT 
state  is  based  on  the  B'  values  derived  from  the  rotational  analysis  and  the  assumption  that  the  lowest 
vibrational  level  of  the  excited  state  is  observed.  As  observed  in  cases  of  ArOH  and  NeCN,  the  excitation 
of  a  quantum  of  ArCH  stretch  is  accompanied  by  a  large  drop  in  B',  while  tire  excitation  of  bending 
quantum  generally  does  not  decrease  B'.  This  occurs  because  the  vibrationally  averaged  ArCH  bond 
length  increases  substantially  more  for  the  excitation  of  a  stretch  than  a  bend.  The  modes  are  labeled  (vj, 
r P,  Vj),  where  Vj  is  the  quanta  of  C-H  stretch,  r  is  the  quanta  of  bend/hindered  internal  rotation  of  CH  with 
respect  to  Ar,  p  is  the  projection  of  the  bend  on  the  intermolecular  axis  of  the  complex,  and  Vj  is  the 
quanta  of  ArCH  stretch. 

In  Figure  la,  the  lowest  energy  band  (feature  A)  observed  for  the  complex  is  at  25778.6  cm"K  The 
intensity  distribution  of  the  observed  bands  suggests  that  lower  energy  transitions  of  the  complex  would 
be  observed  if  they  existed.  Thus,  the  A  band  is  attributed  to  the  lowest  vibrational  level  of  the  excited 
electronic  state  of  the  complex  (0,(f,0).  The  bands  at  25794.3  cm"^  and  25815.1  cm"^  (features  B  and 
C)  are  assigned  to  the  first  fundamental  bend  (0,1®,0)  and  stretch  (0,0®,  1)  of  the  complex.  The  (0,1®,0) 
band  is  the  only  band  which  involves  excitation  of  a  bending  level  for  which  a  full  rotational  analysis  was 
completed.  Chang  and  coworkers  [25]  have  described  the  significant  coupling  differences  between  ArOH 
vibronic  states  which  have  a  projection  on  the  intemuclear  axis  (p  =  1)  and  those  which  do  not  (p  =  0). 
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The  similarity  of  the  observed  bands  assigned  as  (0,0°  0)  and  (0,1°  0)  suggests  that  the  coupling  in  the 
excited  state  is  the  same  in  both  cases  and  indicates  that  p  =  0  for  the  vibronic  band. 

The  band  labeled  E  in  Figure  la  is  assigned  as  (0,0°,2),  and  those  labeled  A,  C,  E,  and  F  in  Figure  lb 
are  assigned  (1,0°  0),  (1,0°,1),  (l,lP',l),  and  (l,lP‘',l),  respectively.  The  feature  labeled  B,  in  Figure  lb, 
at  27593.4  cm~^  could  not  be  fully  analyzed  and  is  not  assigned. 

3.3  Binding  Energies.  Figure  4  presents  a  Birge-Sponer  plot  of  the  vibrational  energy  level 
separations  in  the  stremhing  coordinate  as  the  ArCH  B  state.  The  extrapolation  of  this  plot  provides  an 
estimate  of  the  B  state  binding  energy  (90  cm“^)  and  would  suggest  the  existence  of  (0,0°,3)  and  (0,0°,4) 
levels.  However,  no  rotationally  resolved  bands  that  can  be  associated  with  the  (0,0° ,3)  or  (0,0°,4)  level 
are  observed.  A  firm  lower  limit  of  the  B  state  binding  energy  is  provided  by  the  (0,0°,2)  -  (0,0°,0) 
separation  -  63.5  cm“^ 

The  ground  state  binding  eneigy  (0^,0  of  Ar-CH  may  be  calculated  using  the  equation. 


D/  (Ar-CH,  V"  =  0)  -  (Ar-CH,  v '  =  0)  =  Vqo  (ArCH)  -  Voq  (CH).  (3) 


Figure  4.  Birge-Six>ner  extrapolation  of  vibrational  energy  levels. 
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Using  a  value  [44]  of  25698.2  cm  ^  for  Vqq  (CH),  25778.6  cm  ^  for  Vqq  (AtCH),  and  a  lower  limit  of  63.5 
cm"^  for  Do'(v  =  0),  a  lower  limit  of  44  cm“^  is  obtained  for  D^". 

3.4  Rotational  Term  Values.  Dubemet  and  cowoikers  [32,  34]  have  developed  a  general  model 
describing  the  vibrational  energy  level  structure  of  vdW  complexes  formed  from  the  union  of  an  RG  atom 
and  an  open-shell  diatom.  For  a  complex  in  which  the  monomer  can  be  described  as  a  Hund’s  case  (a) 
state,  both  X  and  o,  the  projections  of  the  diatom’s  electronic  angular  momentum  (/)  and  spin  angular 
momentum  (s),  respectively,  remain  coupled  to  the  CH  intemuclear  axis  (r).  Thus  ca,  the  projection  of 
the  diatom’s  angular  momentum  (/)  on  r,  is  a  weU-defined  quantum  number  of  the  complex  (©  =  X,  +  o). 
The  basis  set  corresponding  to  this  coupling  scheme  is  given  by  the  expression, 

>  =  2-1^  ( [/,F.®.)  |a,.y,a,X>  ±  (-1)  \JMj-P) 

X  (4) 

where  a  identifies  the  electronic  state,  J  is  the  total  angular  momentum  of  the  complex,  Mj  is  the  space 
fixed  projection  of  J,  P  is  the  projection  of  J  (and  j)  on  r,  and  ±  designates  the  parity  of  the  levels.  Tfre 
projection  quantum  number  P  is  analogous  to  K  in  a  closed-shell  system  in  the  limit  of  a  rigid  T-sh^ped 
molecule. 

The  Hamiltonian  is  given  by, 

H  =  ^mon  +  ^'mon  +  ^inUr  +  B(/  -  -  W  -  +  ....  (5) 

where  +  H'^„)  describes  the  rotation  of  the  diatom  at  the  free  rotor  limit,  the  term  describes 

the  inteimolecular  potential  in  which  the  diatom  rotates,  6(7  -  is  associated  with  the  rotation  of  the 
whole  complex,  and  the  term  TXJ  -  jf  is  associated  with  centrifiigal  distortion. 

The  matrix  elements  for  an  effective  Hamiltonian,  H®  derived  by  Chang  and  coworkers  [21],  are  given 
by. 

H®  =  Hj  +  H2  +  H3  +  H4,  (6) 


11 


where 


(Hi>  =  El  =  By  J{J  +  1)  -  Dy  J\J  +  1)^  +  by[5(5  +  1)  -  +  aaX  (7a) 

<H2>  =  E2  =  (by  +  By);(;+l)  (7b) 

<H3>  =  (R)Cj  (9.0))  (7c) 

=  Vi,o  «7o^(e,o))  +  V2,o  (Co^(e,o))  +  ^2,2  + .. 

<H4)  =  -2  <B  (7d) 

In  equations  7a-d,  a  and  hy  are  the  spin-orbit  and  rotational  constant  of  CH,  and  (R)  are  coefficients 
of  the  renormalized  spherical  hannonics  terms  (0,0)]  employed  to  approximate  the  average 
inteimolecular  potential. 

Under  our  experimental  conditions,  the  ArCH  complex  is  generated  in  a  free  jet-cooled  expansion  with 
a  temperature  of  approximately  10  K.  Thus,  it  is  presumed  that  only  those  states  with  y"  =  |(o|  —  |P| 
=  1/2  are  populated.  In  the  limit  of  free  internal  rotation,  [Vj  q  =  V2  (m  =  0,2)  =  0],  diagonalization 
of  the  matrix  yields  rotational  term  values  for  these  states  that  have  the  form  BN{N  +  1).  Each  end-over¬ 
end  rotational  state  (AO  correlates  with  a  pair  of  degenerate  (parity  doublet)  states: 

2"^^  { \a"JMj,±m,  1/2,  ±1/2,  ±)  +  1/2,  t1/2,  ±>},  (8a) 


where 


J  =  N+ in. 


and 

{ |aV,A/y,±l/2,  1/2,  ±1/2,  ±>  -  |aV,A/y,±l/2,  1/2,  ^=1/2,  ±)},  (8b) 


where 


/  =  IV  -  1/2. 


The  degeneracy  of  these  two  states  is  lifted  for  not  equal  to  zero. 
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In  tbe  absence  of  Coriolis  coupling,  the  rovibrational  levels  appear  in  degenerate  pairs.  Green  and 
Lester  [33]  and  Dubemet  et  al.  [32]  have  shown  that  the  splitting  (A£)  of  the  definite  P  =  1/2  levels  of 
the  same  J  but  opposite  parity  should  vary  as  p(/+l/2).  The  magnitude  of  the  splitting  constant  p  is 
directly  proportional  to  averaged  over  the  vdW  stretch  vibrational  wave  function.  Green  and  Lester 
[33]  have  derived  an  expression  for  p  from  third-order  perturbation  theory  in  the  limit  of  small  In 
fact,  this  splitting  is  analogous  to  the  Renner-TeUer  splitting  in  AT  =  0  vibronic  levels  of  a  linear  triatomic 
‘‘n  molecule,  and  is  a  direct  measure  of  Vdif-  Some  years  ago  Hougen  [45]  showed  how  the  splitting 
parameter  p  for  these  triatomic  Renner-Teller  systems  can  vary  from  -2B  to  -f2B.  We  follow  Hougen’s 
convention  and  define  6E  =  E{JJF)  -  E(J,e).  For  p=0,  the  case  (a)  limit,  the  rotational  levels  appear  as 
closely  spaced  pairs  of  levels  of  the  same  J  but  opposite  parity. 

However,  when  |p|«2B,  the  case  (b)  limit,  the  levels  appear  as  closely  spaced  pairs  of  the  same 
parity,  with  the  same  value  of  N,  but  with  J  differing  by  ±1.  This  is  analogous  to  the  level  structure  of 
a  diatomic  state.  The  lowest  rotational  level  will  have  J  =  1/2  and  +(-)  parity  according  to  whether 
p  is  positive  (negative).  In  the  case  (b)  limit,  the  splitting  between  levels  of  the  same  N  varies  as  'jW. 
With  some  algebra,  the  case  (b)  spin  splitting  parameter  7  can  be  expressed  in  terms  of  the  case  (a) 
parameter  p  as 


7  =  2B+P  for  p=-2B  (^  limit). 

(9a) 

7  *=  2B-p  for  p«+2B  (^5)"'’  limit). 

(9b) 

The  empirically  derived  functional  form  of  the  splitting  of  the  /  =  ±1/2  states,  A(Fj,F2)  »=  y{N+l/2), 
is  particular  to  the  case  where  the  angular  potential  is  dominated  by  the  V2,ni  (m  =  0,2)  terms,  and  Vj  ^ 
is  approximately  zero.  In  this  case,  the  essential  character  of  the  eigenvectors  (8a  and  8b)  is  tmchanged. 
Good  agreement  widi  the  ground  state  structure  was  obtained  using  Vj  q  -  0,  V22  =  0.  and  V20  -  -22 
or  +29  ±  1  cm”^  A  comparison  between  die  splittings  determined  from  the  experimental  data  and  those 
calculated  from  this  model  is  shown  in  Table  3.  The  value  of  V2  q  =  29  cm“^  is  the  same  as  that  obtained 
by  Heaven  and  coworkers  [46]  from  calculations  using  the  basis  set  and  matrix  elements  given  by 
Alexander  [47].  They  attribute  the  splitting  of  the  levels  to  Coriolis  coupling.  This  splitting  is  "Stark- 
like"  and  depends  on  the  unassigned  projection  of  j  on  the  body-fixed  axis.  Both  calculations  were  found 
to  be  sensitive  to  changes  in  V2.0-  Our  calculations  predict  that  on  substitution  of  D  for  H  for  the  ArCH 
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Table  3.  Experimentally  Detennined  and  Calculated  Ground  State  Rotational  Energy 
Splittings  of  the  ArCH  Complex^ 


N 

Av  ^ 

1 

0.032 

0.033 

2 

0.053 

0.052 

3 

0.074 

0.073 

4 

0.095 

0.094 

5 

0.116 

0.114 

6 

0.137 

0.135 

7 

0.158 

0.156 

“  In  units  of  cm-^ 

**  Experimental  values  determined  from  splitting  constant. 

®  Calculated  based  on  model  described  in  text 
Calculated  based  on  model  calculations  perfOTmed  by  Heaven  and  coworkers  [46]  using 
the  Hamiltonian  given  by  the  equation, 

Hjng  =  Hqj  +  L^/(2mp<R^)  +  V(0)  where  V(0)  =  Vjcos(0)  +  V2/2(3cos^(0)-l), 
and  basis  set  and  matrix  elranents  given  by  Alexander  [47]. 

complex,  the  splitting  will  not  be  the  same  if  ¥2^^  =  ^,2)  are  the  same  for  the  AiCD.  Measurement 

of  this  splitting  in  the  AiCD  complex  is  reported  elsewhere  [48]. 

3.5  Excited  and  Ground  State  Geometries.  The  correlation  diagrams  demonstrating  how  the  free-rotor 
energy  levels  of  the  diatom  in  either  a  fl  or  S  electronic  configuration  transform  with  respect  to  an 
increase  in  the  strength  of  RG-monomer  interaction  are  an  important  result  of  the  ffee-rotor  model 
described  by  Dubemet  and  cowoikers.  The  model  also  provides  an  estimate  for  the  barrier  to  internal 
rotation  for  ArCH  if  bend/stretching  coupling  is  neglected.  In  this  limit,  the  angular  dependence  of  the 
potential  energy  is  periodic  and  may  be  expressed  in  terms  of  For  Vjq  =  V22  =  0,  a  positive  K  value 

corresponds  to  a  T-shaped  geometry  while  a  negative  value  corresponds  to  a  linear  geometry.  For  the 
excited  state  of  ArCH,  the  anisotropy  of  the  intermolecular  potential  is  reflected  in  the  difference  between 
the  (0,0°,0)  and  (0,1®,0)  energy  levels.  Using  this  model,  the  rotational  constant  for  CH 
(b  =  12.645  cm”^),  and  reasonable  values  for  and  V2o(i.e.,  less  than  the  dissociation  energy,  implying 
(-10b'  ^  Vjo  ^  10b)),  a  separation  between  (0,0°,0)  and  (0,1°,0)  of  less  than  2b  is  indicative  of  a  linear 
geometry  for  the  excited  state  of  the  ArCH  complex.  The  (0,0^ ,0)  and  (0,1°,0)  bands  of  the  ArCH 
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complex  are  located  at  25,778.6  cm“^  and  25,794.3  cm“^  respectively.  If  the  proposed  vibrational 
assignments  are  correct,  then  the  upper  state  is  linear,  since  the  difference  in  energy  between  these  bands 
(16.0  cm"^)  is  considerably  less  than  2b  (25.3  cm“^).  The  nature  of  the  ArCH  ground  state  intermolecular 
potential  is  reflected  in  the  obsCTved  splitting  of  the  ground  state  rotational  energy  levels.  Unfortunately, 
the  equilibrium  geometry  of  the  ground  state  carmot  be  determined  from  the  rotational  energy  level 
splittings  alone,  because  V2^  is  not  uniquely  characterized  by  a  fit  to  the  splitting. 

The  geometry  of  the  ground  state  can,  however,  be  inferred  from  an  examination  of  its  rovibronic 
transitions  and  the  correlation  diagrams  of  Dubemet  and  coworkers.  In  the  case  of  ArOH,  the  transitions 
from  the  vibrationless  ground  state  (0,0®,0)  to  the  electronically  excited  state  associated  with  the 
OH(A^E'^  state  yield  P,  Q,  and  R  branches  analogous  to  an  OH  A^S-X^H  band.  Thus,  the  geometry  of 
the  ground  state  is  consistent  with  the  model  described  by  Dubemet  and  coworkers  in  the  linear  case  limit. 
That  is,  the  principal  axes  of  symmetry  (C^o  y)  of  the  complex  and  diatom  are  coincident,  indicating  that 
the  projection  of  the  total  orbital  angular  momentum  and  the  total  spin  angular  momentum  of  OH  coincide 
with  the  principal  axis  of  the  complex.  Therefore,  the  vibrationless  ground  state  of  the  complex  is 
analogous  to  Hund’s  case  (a)  diatom.  In  contrast,  all  of  the  ArCH  system’s  rovibronic  bands  observed 
reveal  the  presence  of  only  the  P  and  R  branches;  the  Q  branch  being  missing  or  very  weak.  The 
observed  2-2  like  stmcture  is  thus  indicative  of  a  parallel  transition  of  a  near-symmetric  top  molecule 
with  AK  =  0  and  AN  =  ±1.  Using  the  correlation  diagrams  obtained  from  the  model  of  Dubemet  and 
coworkers,  transitions  for  a  state  of  2  symmetry  is  indicative  of  the  vdW  complex  having  a  T-shape 
stmcture.  In  the  limiting  case  of  this  configuration,  there  is  no  longer  a  trae  C„  ^  axis  of  S3mimetry 
through  the  molecule  and,  as  a  result,  the  parity  in  the  electronic  stmcture  is  lost.  Thus,  the  parity  of  the 
total  wavefunction  is  determined  solely  by  the  rotational  wavefunction.  The  correlation  diagrams  of 
Dubemet  and  coworkers  always  show  that  the  lowest  energy  levels  on  the  T-shaped  side  correspond  to 
the  lowest  projection  on  the  principal  axis  from  the  diatom. 

3.6  Metastable  Levels  and  Dissociative  Continuum.  An  interesting  feature  of  the  ArCH  spectra  is 
the  dissociative  continua.  As  in  ArNO,  the  inner  repulsive  wall  of  the  upper  state  is  sampled  from  the 
minimum  of  the  ground  State  potential  well.  Thus,  the  Franck-Condon  factors  for  the  bound-bound 
transitions  from  the  vibrationless  ground  state  increase  in  the  direction  of  the  continuum,  towards  higher 
energy,  and  the  best  overlap  is  in  the  bound-unbound  region  of  the  spectra.  If,  in  fact,  the  observed  ArCH 
transitions  do  involve  a  change  in  geometry,  then  the  best  estimate  of  the  Franck-Condon  factors  would 
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require  a  three-dimensional  representation  of  the  potentials  including  the  angular  dependence  as  well  as 
Ar-CH  bond  length. 

3.7  Predissociation.  The  LIF  spectra  of  ArCH  in  the  vicinity  of  the  CH  (1,0)  band  were  recorded  by 
monitoring  the  fluorescence  near  either  the  CH  (1,0)  or  (1,1)  band.  When  attempts  were  made  to  monitor 
the  LIF  signal  near  the  (0,0)  CH  band,  as  was  done  in  previous  ArOH  and  KrOH  experiments  [26],  a 
continuous  fluorescence  signal,  which  we  presume  is  associated  with  fluorescence  from  the  CH  B(v  =0) 
level,  is  observed.  The  signal  had  a  slight  wavelength  dependence,  which  speared  to  follow  the  dye 
curve.  For  the  ArOH  complex,  excitation  near  the  OH  (1,0)  band  results  in  OH  emission  near  its  (0,0) 
band.  The  emission  from  OH  (v'  =  0)  occurs  because  the  vibrational  predissociation  rate,  T^p,  for 

Ar-OH(l,  i^,  Vj)  ^  OH(A,\)  =  0)  +  Ar,  (10) 

is  considerably  faster  than  the  radiative  decay  rates, 

Ar-OH(l,  rP,  v^)  ^  Ar-OH(X)  +  hv,  (11) 

for'Oj  =  1.  Berry  and  coworkers  [16]  reported  vibrational  predissociation  rates  for  ArOH  (1,0  ,V5)  ranging 
from  >  17  to  156  ps.  These  are  considerably  faster  than  the  radiative  decay  rates  of  ArOH  (1,0^ ,Vs), 
which  are  expected  to  be  close  to  that  of  the  uncomplexed  OH  fragment  (tj^  =  715  to  740  ns).  If  the 
vibrational  piedissociation  rates  of  ArCH  arc  closer  to  that  of  NeOH,  which  range  in  value  [24]  from  Tr^cI 
=  1.7  to  2.5  ps  forVi  =  1,  then  it  would  not  be  surprising  that  the  best  fluorescence  signals  from  the 
ArCH  (1,  rP,  v^)  vibrationiil  levels  arc  collected  near  the  CH  B^2  -  (1,0)  and  (1,1)  electronic 

bands.  It  may  be  that  the  fluorescence  was  a  result  of  the  probe  laser  photolyzing  tire  precursor. 

4.  SUMMARY/CONCLUSION 

Gas-phase  ArCH  complexes  have  been  detected  by  LIF  in  the  region  of  CH  B^S  -  X^Ilj.  (0,0)  and 
(1,0)  transitions.  The  excitation  spectra  reveal  a  number  of  features  that  were  assigned  to  stretching  or 
bending  motions  of  the  ArCH  complex.  Rotational  analysis  of  eight  of  the  rovibronic  bands  reveals  that 
the  vdW  bond  length  in  the  complex  is  increased  by  ^proximately  23%  upon  electronic  excitation.  A 
nonnegligible  splitting  of  the  ground  state  rotational  levels  is  also  observed.  In  addition  to  the  rotational 
constants,  lower  limits  of  the  ground  and  excited  state  binding  energies  were  estimated.  A  linear 


16 


equilibrium  geometry  for  the  excited  state  and  a  T-shaped  geometry  for  the  ground  state  is  inferred  from 
an  analysis  of  the  rotational  spectra  in  terms  of  the  free  rotor  model  developed  by  Dubemet  and 
cowoikers. 
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ATTN  V  MCDONALD  LIBRARY 
P  O  BOX  222 
ST  MARKS  FL  32355-0222 

1  SCIENCE  APPUCATTONS  INC 

ATTN  R  B  EDELMAN 
23146  CUMORAH  CREST 
WOODLAND  HILLS  CA  91364 


3  SRI  INTERNATIONAL 
ATTN  G  SMITH 
D  CROSLEY 
D  GOLDEN 

333  RAVENSWOOD  AVENUE 
MENLO  PARK  CA  94025 

1  STEVENS  INSTITUTE  OF  TECH 

DAVIDSON  LABORATORY 
ATTN  R  MCALEVY  m 
HOBOKEN  NJ  07030 

1  SVERDRUP  TECHNLGY  INC 

LERC  GROUP 

ATTN  R  J  LOCKE  MS  SVR  2 
2001  AEROSPACE  PARKWAY 
BROOK  PARK  OH  44142 

3  THIOKOL  CORPORATION 

ELKTON  DIVISION 
ATTN  R  BIDDLE 
R  WILLER 
TECH  LIB 
P  O  BOX  241 
ELKTON  MD  21921 

3  THIOKOL  CORPORATION 

WASATCH  DIVISION 
ATTN  S  J  BENNETT 
P  O  BOX  524 

BRIGHAM  CITY  UT  84302 

1  UNITED  TECH  RSCH  CTR 

ATTN  A  C  ECKBRETH 
EAST  HARTFORD  CT  06108 

1  UNTIED  TECH  CORP 

CHEMICAL  SYS  DIV 
ATTN  R  R  MILLER 
P  O  BOX  49028 
SAN  JOSE  CA  95161-9028 


1  UNIVERSAL  PROPULSION  CO 
ATTN  H  J  MCSPADDEN 
25401  NORTH  CENTRAL  AVENUE 
PHOENIX  AZ  85027-7837 
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NO.  OF 
COPIES 

3 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


ALLIANT  TECHSYSTEMS 
ATTN  C  CANDLAND 
L  OSGOOD 
R BECKER 
600  SECOND  ST  NE 
HOPKINS  MN  55343 


ABERDEEN  PROVING  GROUND 

37  DIR  USARL 

ATTN:  AMSRL-WT-P,  A  HORST 
AMSRL-WT-PA, 

T  MINOR 

M  MCQUAID  (10  CPS) 
AMSRL-WT-PC, 

R  AFIFER 
GF  ADAMS 
W  R  ANDERSON 
R  A  BEYER 
S  WBUNTE 
C  F  CHABALOWSKI 
R  DANIEL 
B  E  FORCH 
A  J  KOTLAR 
K  L  MCNESBY 
A  W  MmOLEK 
J  B  MORRIS 

R  A  PESCE-RODRIGUEZ 
B  MRICE 

R  C  SAUSA  (10  CPS) 

J  A  VANDERHOFF 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 

Hiis  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers  to 
the  items/questions  below  will  aid  us  in  our  efforts. 

1 .  ARL  Report  Number/Author  ARL-TR-1220  (McOuaidl _ Date  of  Report  Octobgr  19% - 

2.  Date  Report  Received _ _ _ _ _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report  will 

be  used.) _ , _ : . . . . . — - 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ _ _ _ 


6.  General  Comments.  What  do  you  think  shoidd  be  changed  to  improve  future  reports?  (Indicate  changes  to  organization, 
technical  content,  format,  etc.) _ _ _ _ _ 


Organization 

CURRENT  Name 

ADDRESS  _ _ _ 

Street  or  P.O.  Box  No. 

City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the  Old 
or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 

(DO  NOT  STAPLE) 


DEPARTMENT  OF  THE  ARMY 


OmaAL  BUSINESS 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  0001,APG,MD 


POSTAGE  WILL  BE  PAID  BY  ADDRESSEE 


DIRECTOR 

U  S  ARMY  RESEARCH  LABORATORY 
ATTN  AMSRLWTPA 

ABERDEEN  PROVING  GROUND  MD  21005'5066 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


